Background: For some surgical interventions, like the Total Mesorectal Excision (TME),
| INTRODUCTION
Minimally invasive surgery (MIS) is quickly becoming the norm in surgical interventions, with an increasing proportion of surgical procedures being performed via laparoscopy. Open surgery is progressively being reduced to emergency conditions, where operation planning is not possible. 1 From the patient's point of view, the advantages of MIS may outweigh the complications by a significant margin. However, for surgeons the difficulties encountered in properly manoeuvring instruments in a constrained and sensitive workspace such as the human body's internal organs impose significant limitations. 2 The workspace of a typical laparoscopic tool is in the form of a cone (or multiple cones) having its apex at the entry point, i.e. the incision (Figure 1 ). The entry point, provided by the trocar, serves as a fulcrum for manoeuvring rigid instruments. The surgeon can manoeuvre a standard rigid laparoscopic instrument with 4 degrees of freedom (DOFs) by longitudinally sliding the rigid tool into the trocar and pivoting around the fulcrum. 3 This level of manoeuvrability limits the access to all areas of the surgical site. This perform its tasks. Surgical manipulators from hyperelastic materials also exist, such as, 10 or as multi-backbone robots 11 or a cannula robot. [12] [13] [14] Given the enhanced tip dexterity of these instruments, the requirement of safely navigating tools around organs to reach remote areas and maintaining residual manoeuvring abilities to accomplish different tasks is still a challenge. Alongside the need for high dexterity, the surgical environment is particularly demanding in terms of safety with respect to contact with the surrounding tissues and organs.
Hence, high dexterity and safe interaction with the encountered organs are both essential for an efficient MIS tool.
The combined effect of flexibility and safety is embodied by soft robotics. This branch of robotics uses flexible actuators constructed with soft and highly compliant materials to create intrinsically safe tools [15] [16] [17] [18] [19] when used in traditional applications. 20 The so-called flexible fluidic actuators (FFAs) using silicone-based structures are soft robotic actuators, which are especially suitable for medical purposes. A configuration with three pairs of inflatable chambers, radially arranged around a central axis, produces an elastomeric module capable of bending in every direction and also elongating longitudinally depending on the pressure in the chambers. 21 The chambers act as actuators that generate up to four motion primitives (MPs). The term MPs is used here instead of the traditional DOF since it is difficult to define the degrees of freedom in soft robots, which theoretically have infinite DOFs, being composed of a continuum-like structure. Three MPs describe the pure bending motion in the three-dimensional space of the actuator due to the inflation of one chamber at a time ( Figure 2A ). The fourth MP is the longitudinal translation of the actuator tip, representing elongation of the complete structure because of the simultaneous inflation of all chambers ( Figure 2B ). If more modules are connected in series, a highly articulated structure is generated. 22 These soft actuators show great potential for surgical applications. They can employ inert fluids, potentially biocompatible materials and non-abrasive surfaces, which are ideal for use within the human body. 23 Additionally, due to their high compliance, they can produce large displacements with low actuation pressures. On the other hand, when deflated, they can easily be squeezed and made to pass through narrow cavities. 24 Because of these favourable characteristics, soft robots employing FFAs have already been applied to the medical field. 15 The STIFF-FLOP robot described This work is focused on developing a highly flexible soft robot, intended to serve as an access channel for the typical MIS instruments, The requirements for the development of the proposed system are detailed in Section II, while the system design is described in Section III. Section IV explains the manufacturing process of the modules composing the soft robot. Section V is dedicated to the modeling of the soft robot, in order to estimate its capabilities.
Section VI is dedicated to test the performance and also sheds light on a surgical use case scenario, followed by the discussion.
| REQUIREMENTS
In lieu of the above-mentioned considerations, the soft robot has been designed with the objective of producing a highly flexible guide for surgical instruments/devices, which ensures safe interaction with organs during manoeuvring. The design was carried out considering the following requirements:
1. The device has to be compatible with traditional trocars, thus a diameter smaller than 15 mm is required. This also means that the employed FFAs must not deform radially (e.g. avoid chamber lateral expansions, ballooning, etc.) during operation. This would reduce risk of tearing and also ensure efficient use of fluidic actuation.
2. The robot should be able to adjust the position and direction of the end effector while keeping the shaft stationary; thus more than 4 MPs (3 for plane bending and 1 for elongation) are necessary to enable the required dexterity. This translates into more than one module, each integrating 4MPs.
3. The soft modules must be compliant in order to allow squeezability of the deflated robot from tight spaces (especially in case of an emergency).
4. A free lumen of about 4-5 mm is required for feeding surgical tools (e.g. laparoscopic graspers, RF tools, etc.), or to house the wires of a laparoscopic camera, which can be fixed at the tip.
| SOFT ROBOT DESIGN
The illustration in Figure 1 shows the complete soft robot, which is composed of two identical pneumatically actuated modules It also enables simulation of the capabilities of the robot and ultimately effective control of it, without the use of position sensors, 24,29 which may influence the soft robot performances. [30] [31] [32] Based on the design of the module and for the sake of simplification, the kinematics are based on the constant curvature (CC) assumption. 33 The kinematics mapping can be broken into two parts, one from the states of the robot (length of chambers in this case) to arc parameters and the other from the arc parameters to the position of the robot in the coordinate system. The mappings are defined for each module, and hence can be used for a multi-module robot. It is also assumed that the elongations of the chambers are proportional to the supplied pressure. 21 
| Kinematics
Under the CC assumption, the orientation of the robot can be defined by the use of three parameters, k, Φ and l, which represent curvature, out-of-plane motion of the robot and the length of the robot's backbone respectively. k is the inverse of the radius of curvature r. These parameters are called the configuration parameters ( Figure 5 ). Hence the position of the end effector with respect to the base of the robot can be represented by a transformation given as
where 
| Inverse kinematics
The inverse kinematics is based on the analytical calculation of the configuration parameters k, Φ and l from the position of the end effector in the coordinate plane. The calculation of lengths from the configuration parameters then completes the inverse mapping. This second step is relatively straightforward. If the plane of bending is known, the lengths of the individual chambers can be found directly because they form parts of a concentric circle about the centre of curvature.
However, identifying the configuration parameters is challenging, since there may be many configurations ending at the same point. Nevertheless, this issue can also be resolved by defining the plane of bending first. As a single module can produce only planar bending, once the plane of bending is defined, there is only a single curvature and length that will define the end point. This approach is similar to the one used in. 34 For multiple modules, the plane of each module is identified by using the tip position with respect to the respective base position.
The plane of bending is identified by the angle Φ. This angle can be found by using the projection of the position of the end effector on the X-Y plane ( Figure 5 ). Hence it can be expressed by the equation
Consequently, considering Figure 5 , Φ can be expressed as FIGURE 5 Configuration parameters and their relation to the coordinate system
The next step is the identification of the curvature and the length of the manipulator. From equation 1, the expressions for the tip coordinate positions are known in the form of u. Replacing the value of OX by the value of x and rearranging, we obtain ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Add the expression for z (recall from u in equation 1) to the above and rearrange to obtain the expression for k as
The length can be found by using the angle subtended by the arc θ. Recall that l = r θ for the CC assumption. If B is the centre of curvature, then from Figure 5 the angle θ can be expressed as
It must be noted that if z is negative, the value of θ has to be deducted from 2π. Rearranging and replacing r by k, then θ can be expressed as
Equations 5, 7 and 9 provide the configuration parameters from the positions on the coordinate axes. Once the configuration parameters are set, the lengths of each chamber can be found. As mentioned before, these chamber lengths will form concentric circles. Hence the lengths can be related to the length of the backbone l by the following equations:
where
the tip position is available for each module, the inverse kinematics can be established with respect to the lengths of the chambers. It is to be noted that the given model does not consider the effects of gravity. In reality the base module and the tip module will deform differently, since the base module carries the extra weight of the tip module.
| PERFORMANCE OF THE ROBOT
The soft robot promises to provide high dexterity especially in constrained environments, thanks to its design and kinematics. Since the manipulator is based on soft materials, the repeatability of the module's deformation when subjected to the same input of pressure was studied. This repeatability was tested for one module at The trials were conducted in two sets -activation of a single pair of chambers ( Figure 7C ) and two pairs ( Figure 7D ). A total of 10 trials were conducted for each set of actuations of a pair of chambers to assess the repeatability ( Table 1) . As expected the bending angle θ is higher when two pairs of chambers are activated. As can be deduced from Figure 7C and D, the modules show a high degree of repeatability as represented by values of the standard deviation in the region of 0.3.
In order to test the validity of the kinematic model in describing the system, the bending angle of the tip was also calculated via the kinematic model, mentioned as θ sim .
The above discussed features, especially the module's compliant nature for safe interaction and high dexterity, can be put to practical use in the surgical endoscopic environment as an alternative to the rigid tools. As a case study, this paper reports the application of the robot as a camera module. The use of rigid tools limits the access of the camera to the line of insertion of the endoscope (Figure 8 ). If the areas of interest are further away, as shown by a rod target, the rigid endoscope may not be able to reach them unless other entry points are created ( Figures 8B and C) . The soft robot can be moved with infinite possibilities in such a case. It may be able to 'snake' around obstacles to the site of interest ( Figure 8D and E).
In order to test the advantages offered by a soft robot in an actual surgical environment, the soft robot was tested by a team of surgeons The lumen may house other tools apart from the current camera, and hence the robot may serve additional functions such as acting as an access channel for anatomic regions that are hard to reach. In this case the characteristics of the operation will differ, subject to the tool characteristics and the material in the lumen. 
